its regenerative potential for bone, cartilage, skin and other tissues (Ahn et al., 2015; Gao, Li, Zhao, & Jin, 2015) . Cell sheet technology has also been used in the field of periodontal regeneration and has been shown to support the regeneration of periodontal tissues such as cementum, periodontal ligament and alveolar bone in pre-clinical animal models (Akizuki et al., 2005; Bai et al., 2011; Costa et al., 2014; Dan et al., 2014; Vaquette et al., 2012) . Although the utilization of cell sheets in periodontal regeneration is promising, this technology has certain limitations that might hinder its future clinical application in the field of periodontics. These include the need for autogenous cells from each patient receiving the treatment and the necessity of having co-located cell culture and clinical facilities.
Tissue engineered cell-derived extracellular matrices are gaining considerable attention in the field of regenerative medicine due to their ability to restore damaged or lost tissues such as bone (Benders et al., 2013; Papadimitropoulos, Scotti, Bourgine, Scherberich, & Martin, 2015; Sadr et al., 2012) , cartilage (Gawlitta et al., 2015) and tendons (Badylak, 2007; Badylak, Freytes, & Gilbert, 2009; Yin et al., 2013) . Periodontal extracellular matrices obtained through the decellularization of PDL cell sheets have been shown to maintain their structural integrity, retain growth factors within the matrix and support allogenic cell re-population in vitro (Farag et al., 2014) .
The aim of this study was to evaluate a novel decellularized tissue engineered construct, composed of periodontal ligament cell (PDLC) sheets combined with a melt electrospun polycaprolactone (PCL) membrane, for its biocompatibility and regenerative capacity both in vitro and in vivo.
| MATERIAL S AND ME THODS

| Scaffold fabrication by melt electrospinning writing
Medical grade polycaprolactone (PCL) melt electrospun scaffolds (Figure 1a) were fabricated using melt electrospinning direct writing as previously described (Brown, Dalton, & Hutmacher, 2011 ).
Scaffold fabrication is described in detail in the supporting information section.
| Barrier membrane
A solution electrospun PCL membrane was used as a barrier to cover the periodontal defect following the insertion of the construct, in order to exclude the overlying connective tissues from the defect site during the healing phase. Membrane fabrication was carried out as previously described (Vaquette & Cooper-White, 2011) and is outlined in detail in the supporting information section.
| Preparation of primary human periodontal ligament cell sheets
Primary hPDLCs were harvested from healthy human PDL tissue as previously described (Hasse et al. 2003) . Ethical approval for the collection of these cells was attained through the Griffith University Human Research Ethics Committee (DOH/17/7/HREC).
An established protocol was used to fabricate PDLC sheets (Farag et al., 2014) . Briefly, cells between the 4th and 5th passages were seeded in 24-well plates with a seeding density of 5 × 10 4 cells/ well in DMEM with 10% FBS. For the first 48 hr, ascorbic acid at a concentration of 1,000 μg/ml was added to enhance extracellular matrix formation (Beacham, Amatangelo, & Cukierman, 2007) . The cells were then grown for 19 days in media supplemented with onetenth the initial ascorbic acid concentration (100 μg/ml), and the culture media was changed every 48 hrs.
At the end of the 21 days of culture, the cells had deposited sufficient ECM to enable the handling of the cell sheet. To collect the cell sheet, culture media was removed from each well and a PCL scaffold was carefully positioned in the centre. The edges of the cell sheet were then gently detached from the plate and folded over the scaffold using sterile tweezers. These constructs were then placed in expansion media for a further 24 hr to allow adhesion of the cell sheet onto the PCL scaffolds.
| Perfusion decellularization
An optimized technique of decellularization using a perfusion system was used in this study to decellularize the cell sheets as seen in Figure 1c ,d (Farag et al., 2014) . The constructs were rinsed once with warm phosphate-buffered saline (PBS) at 37°C, placed in the decellularization chambers and perfused in 30 ml of 20 mm NH 4 OH solution with 0.5% v/v Triton X-100. Bidirectional perfusion through the constructs was performed for 60 min at a rate of 1,000 ml/hr, with a flow inversion every 50 s. The DNase step involved the perfusion of a 
| Recellularization of decellularized sheets
The decellularized constructs were divided into two groups and were seeded with two different cell types; (1) allogenic primary human PDLCs collected and cultured in the same way as the PDLCs utilized for the cell sheet fabrication, but from a different donor, and (2) primary human placental mesenchymal stem cells (hp-MSC), obtained via a published protocol (Patel, Shafiee, Wang, Fisk, & Khosrotehrani, 2014) . The cells were seeded on the decellularized constructs at a density of 5 × 10 4 , and samples were collected for gene expression and STRO-1 immunohistochemistry analysis at 3, 7 and 14 days. The experiment was carried out in quadruplicate. The recellularization technique is described in detail in the supporting information section.
| Gene expression analysis
For gene expression analysis, the scaffolds (three biological replicates per group) were placed in 1 ml of Trizol (Life Technologies) and RNA was extracted according to the manufacturer's instructions. RNA was converted to cDNA using M-MuLV reverse transcriptase (New England Biolabs) following the manufacturer's instruction. RNA extraction and cDNA synthesis techniques are described in the supporting information section. PCR primers of the genes analysed in this study are listed in Table S1 . Gene expression was assessed using an established PCR technique (see Appendix S1).
| Human stromal precursor antigen-1 (STRO-1) immunostaining and confocal imaging
Hp-MSC are seeded on the decellularized constructs with seeding density of 5 × 10 4 cells per sheet/scaffold. Samples were collected at 3, 7 and 14 days, respectively, for immunostaining. STRO-1 immunostaining and confocal imaging were carried out as outlined in the supporting information section.
| In vivo study
| Cell sheet preparation and decellularization
Cell sheet preparation and decellularization is detailed in the supplementary information.
| Rat periodontal defect
The periodontal defect model was adopted from a previous study.
Briefly, a full thickness incision was made along the skin of the inferior border of the mandible. The masseter muscle and the periosteum were reflected, followed by the preparation of alveolar bone defects, using a small (1 mm) round bur and copious water irrigation, to the dimensions of 2 mm height × 3 mm width and 1 mm in depth (Dan et al., 2014) . The study protocol was approved by the Animal Ethics Committee of Griffith University (DOH/02/11/AEC). Twelve-week-old athymic rats (Rattus norvegicus, Strain-CBH-rnu/Arc, Animal Resources Centre, Murdoch, Western Australia) were carefully placed in an induction chamber and anaesthetized by inhalation, using a mixture of oxygen and Isoflurane (AttaneTM, Bomac Animal Health Pty Ltd, Australia).
Mandibular defects were then randomly assigned to either receive the decellularized constructs as the test group or plain PCL scaffolds as a negative control. Constructs of decellularized cell sheets were placed so the sheet was facing the exposed roots. A solution electrospun medical grade PCL membrane was then used to cover the scaffold in order to exclude the overlying connective tissue from the defect. The animals were sacrificed at 2 and 4 weeks post-surgery, and the mandible samples (n = 4 for each group at each timepoint) were collected and fixed in 4% paraformaldehyde (PFA) solution overnight at room temperature and then rinsed with PBS.
| Microcomputed tomography (μCT)
A microcomputed tomography (micro-CT) scanner (mCT40, SCANCO Medical AG, Brüttisellen, Switzerland) was used to scan rat mandibles at a resolution of 12 μm, a voltage of 45 kVp and a current of 177 mA. Three-dimensional (3D) reconstructed images were prepared using the micro-CT scanner software.
| Histological analysis
Samples were decalcified in 15% ethylenediaminetetraacetic acid (EDTA) solution with regular change of solution every 72 hr for the first 2 weeks and then once a week for another 6 weeks.
Samples were paraffin embedded and sectioned horizontally every 4-5 μm with a slide stained every 10 sections to locate the defect. Samples were stained with both H&E and Mason
Trichome staining protocols using established methods described in the supporting information (Dan et al., 2014) . The stained slides were scanned using the Aperio ® Scanscope Digital Slide Scanner (Leica Biosystems Inc, Buffalo Grove, IL, USA) for subsequent analysis.
| New attachment quantification
New periodontal ligament attachment consisting of fibres with oblique or vertical insertion into the tooth root surfaces at the defect sites were quantified as previously described (Dan et al., 2014) . Briefly, the length of the tooth surface with inserting fibres oriented with an angle >60° to the root surfaces (measured as the angle between the long axis of the fibres and the root surface) was divided by the total length of the root defect (denuded root surface) mesio-distally on the horizontal axis. The borders of the denuded root surfaces could 
| Statistical analysis
Results are expressed as mean + standard deviation, and oneway analysis of variance (anova) test was used to analyse the data. Tukey's multiple comparison post hoc test was used to determine the significance. The significance level was set at p < .05. Table 1 .
Collectively, the majority of the changes in gene expression were observed in the ahPDLC seeded on the decellularized cell sheets at day 14 (Table 1 In response to the decellularized cell sheets, OPN gene expression by the ahPDLC was significantly upregulated at day 14 compared to days 3 and 7, and at this timepoint, the expression was 11-fold higher on the decellularized sheets compared to the control PCL scaffold (p < .05) (Figure 2e ). TNC gene expression by the ahPDLC was initially upregulated on the decellularized cell sheets on days 3 and 7 and then downregulated on day 14 (p < .05) (Figure 2i ).
Compared to the control, the ahPDLC grown on the decellularized sheets had increased COL1A1 expression on day 3 (Figure 2g ), while COL1A2 was upregulated on both days 3 and 7 (Figure 2f,g ).
AhPDLC expression of COL3A1 was downregulated on 14th day after seeding on the decellularized sheets compared to the control PCL scaffold (p < .05, Figure 2h ).
The only genes expressed by the hpMSCs were the various collagen variants (COL1A1, COL1A2, COL3A1), and the only gene that was differentially expressed was COL1A1 which in response to the decellularized cell sheets was initially downregulated at days 3 and 7 and then significantly upregulated by day 14 (p < .05) (Figure 2j-l) .
| STRO-1 expression by hpMSCs
Immunostaining against STRO-1, which is a marker for undifferentiated mesenchymal stem cells (Gronthos, Graves, Ohta, & Simmons, 1994; Lin et al., 2011; , was detected by confocal imaging in hpMSCs seeded on the empty control PCL scaffolds and decellularized periodontal ligament sheet constructs after 3 days of seeding.
The strong STRO-1 expression remained on the 7th and 14th days post-seeding on the control PCL scaffolds indicating the maintenance of an undifferentiated phenotype (Figure 3a-c) .
However, STRO-1 expression on the decellularized sheet constructs started to diminish by the 7th day (Figure 3e ) reaching its lowest expression by day 14 post-seeding (Figure 3f ).
| In vivo evaluation of the decellularized cell sheets in a rat mandibular defect
| Micro CT
Three-dimensional reconstructed images of rat mandibular defects that received PCL scaffolds and decellularized constructs did not show any significant bone fill in either of the two groups after two weeks post-surgery. Minimal bone fill is seen only at the boundaries of the defects (Figure 4a,b) . After 4 weeks post-surgery, more bone fill was detected at the defects boundaries (Figure 4c,d) . 
| Histology
Histological sections that received the control empty PCL scaffolds showed cell infiltration into the scaffolds, and cells were detected lining the empty spaces previously occupied by PCL fibres that dissolved during histological processing (Figure 5a -d and i-l). The PCL fibres were found to be much closer to the root surfaces compared to the test group treated with the decellularized constructs, due to the absence of the cell sheets which have a space maintaining role (Figure 5d ). Neither of the two groups showed significant new bone formation except for limited amounts at the defect boundaries as seen in Figure 5 .
At the two week timepoint, the orientation of collagen fibres adjacent to the exposed tooth roots within the defects in the control group was frequently seen to be unorganized with no clear direction (Figure 5j ).
Histology sections of the periodontal defects that received the decellularized constructs showed evidence of biological compatibility and integration between the decellularized sheets and the surrounding periodontal tissues at both timepoints. The decellularized Notably, the defects that received the decellularized constructs showed dense fibrous tissues at the interface with the tooth roots (Figure 5f ,h).
Collagen fibres adjacent to the root surfaces became more organized by the four week timepoint compared with the two-week time point. In the defects that received PCL scaffold only, fibre orientation was mostly parallel to the root surface with only isolated areas of fibres inserted into the cementum surface (Figure 5l ). However, in the defects that received decellularized constructs, the collagen F I G U R E 3 Stro-1 expression in human placental stem cells on PCL scaffold and decellularized periodontal ligament cell sheet 3, 7 and 14 days post-seeding. Strong STRO-1 expression remained over 14 days post-seeding on PCL scaffolds (a-c). STRO-1 expression on decellularized sheets diminished by day 7 (e) and 14 (f) post-seeding fibres between the PCL fibre spaces (that appeared as aggregation of white circles as seen in histological sections) and root surfaces in the defect area were more organized and most fibres were inserted perpendicularly into the tooth surface (Figure 5p ).
| New periodontal ligament quantification
New attachment of periodontal ligament fibres (orientation >60°) was detected in both groups at both timepoints where it was significantly higher in the decellularization (test) groups at both 2 (72 ± 16%) and 4 weeks (75 ± 14%), compared to the control groups (22 ± 5% and 34 ± 3% at 2 and 4 weeks, respectively). Notably, the new attachment at the later timepoint was significantly higher than the earlier period in the plain PCL (control) groups; however, there was no statistically significant difference in attachment percentage between the two timepoints in the decellularization (test) groups ( Figure 6 ).
| D ISCUSS I ON
Decellularized extracellular matrices have been gaining more attention as an approach to fabricate bioactive scaffolds (Bloch et al., 2011; Cho et al., 2005; Costa, Naranjo, Londono, & Badylak, 2017; Farag et al., 2014) . In this study, novel tissue engineered decellularized PDL cell sheet constructs were assessed for their regenerative potential in periodontal defects. The decellularization method has been previously optimized in an earlier study (Farag et al., 2014) where more than 97% of the cellular contents of the PDL cell sheets were removed, while maintaining the native structure and functional properties through the retention of growth factors within the extracellular matrix (ECM).
In order to determine the effect of the decellularized ECM sheets on the differentiation of progenitor cells that are likely to repopulate the construct in vivo, qPCR was performed to assess the gene expression of bone and periodontal tissue markers by seeded allogenic human periodontal ligament cells (ahPDLC) and human placental mesenchymal stem cells (hpMSCs). The gene expression markers were selected for their relevance to periodontal wound healing and regeneration, and encoded for proteins localized in bone, cementum and periodontal ligament tissues (Table   S1 ). The ahPDLC generally expressed higher levels of bone markers when seeded on decellularized periodontal ligament sheets compared to the empty PCL controls, especially at day 14 postseeding, as demonstrated by increased BMP2, osteocalcin and osteopontin expression at this timepoint. Given that these proteins are expressed in native and regenerating human periodontal tissues (Dan et al., 2014; Ivanovski, Haase, & Bartold, 2001a; Ivanovski, Li, Daley, & Bartold, 2000; Ivanovski, Li, Haase, & Bartold, 2001b; Zhu & Liang, 2015) , upregulation of these marker genes is supportive of the notion that the decellularized sheets can promote the differentiation of repopulating progenitor cells residing at the surgical site.
F I G U R E 4
Micro-CT 3D reconstructed image data showing created mandibular defects in rat mandibles treated with PCL scaffold and decellularized construct with different degrees of bone fill. PCL scaffold as control showed almost no bone formation within the defects (a, c), decellularized constructs showed some bone formation detected mainly at the defect margins (b, d) It is noteworthy that ALPL, BMP2, OCN, OPN and VEGF could not be detected at the first two timepoints of 3 and 7 days. This could be explained by an initial proliferative response of the repopulating PDL cells before differentiation is induced. This is consistent with the rapid proliferation of allogenic PDL cells on the decellularized matrices reported in a previous study (Farag et al., 2014) . In contrast, the collagen markers COL1A1 and COL1A2 were upregulated at the earlier two timepoints of 3 and 7 days, and then downregulated by the 14th day (Figure 2f,g ), which is likely related to enhanced extracellular matrix production during the early proliferative phase.
The upregulation of VEGF expression on the 14th day by PDL cells seeded on decellularized PDL sheets suggests a pro-angiogenic effect, which is consistent with the enhanced healing and regenerative capacity of the decellularized constructs when implanted in vivo (Figure 5h ).
Only COL1A1, COL1A2 and COL3A1 genes were expressed by the hpMSCs at all timepoints. When compared to the control PCL scaffold, the placental cells seeded on decellularized matrices showed downregulation of the COL1A1 gene at the first two timepoints followed by slight upregulation on the 14th day (Figure 2j) . A possible explanation is that these immature cells are initially stimulated to proliferate by growth factors, such as FGF, HGF and VEGF, which have been previously shown to be retained in the ECM of the decellularized sheets (Farag et al., 2014) . This proliferation may More organized periodontal ligament fibres were seen in defects treated with decellularized constructs (e-h). No significant functionally oriented collagen fibres insertion into denuded root surfaces was seen in the control group at both 2 and 4 week timepoints (i-j) and (k, l), respectively. Well-organized periodontal ligament fibres inserted into cementum were seen between scaffold fibres and denuded root surfaces in defects treated with decellularized constructs at both 2 and 4 weeks (m, n) and (o, p), respectively. ( ) Symbol refers to the acute angle formed by the insertion of newly formed periodontal ligament into newly formed cementum F I G U R E 6 Quantification of periodontal ligament attachment. New attachment of periodontal ligament fibre insertion into cementum (>60° orientation) was quantified. Results having the same letters are not statistically different occur at the expense of differentiation and ECM production, hence the decreased collagen gene expression. However, by 14th day, the MSCs may undergo differentiation to a more anabolic cell phenotype that is likely to produce increased levels of ECM, as reflected by upregulated COL1A1 expression.
The suggestion of accelerated mesenchymal stem cell differentiation on the decellularized constructs was further supported by the temporal decrease in immunostaining against the "stemness" marker STRO-1 (Castrechini et al., 2010) . The expression of this marker remained relatively strong over the three timepoints when seeded on the control PCL scaffolds (Figure 3a-c) but the staining was reduced at each timepoint after seeding on decellularized sheets (Figure 3d-f ). However, although the hpMSCs may undergo differentiation, the lack of PDL/bone-specific gene expression suggests that it may not necessarily be along periodontal tissue specific linages, at least not during the timeframe (14 days) and under the conditions of the in vitro study. Gene expression changes have been shown in progenitor cells following recellularization of a variety of decellularized human/ animal tissues or organs, such as tendon, bone, and dermis (Yin et al., 2013) , kidney (Nakayama, Lee, Batchelder, & Tarantal, 2013) and cartilage (Sutherland et al., 2015) . However, few studies have assessed gene expression and cell differentiation on in vitro tissue engineered cell-derived matrices. One such study demonstrated the ability of adult human mesenchymal stem cell (hMSC)-derived ECM to rescue the phenotype of osteoarthritic chondrocytes and to further stimulate the differentiation of healthy chondrocytes (Thakkar et al., 2013) . Another study used decellularized cell-derived matrix laid down by both MC3T3-E1 mouse pre-osteoblasts and NIH3T3 mouse fibroblasts to evaluate human mesenchymal stem cell differentiation and gene expression of markers such as Osteopontin,
Collagen type I&II and Aggrecan (Choi et al., 2014) . The difference between the aforementioned two studies and the present study is that instead of using osteogenic and chondrogenic media to induce cell differentiation, this study relied solely on the native structural and biological characteristics of the decellularized sheets to induce cell differentiation and bone/PDL marker expression. While the effect on cell function is most likely via retained growth factors and ECM within the decellularized construct, a potential role of residual DNA (approximately 3%) cannot be ruled out and requires further investigation.
In the in vivo part of this study, the main aim was to evaluate the biocompatibility and integration of the decellularized PDL cell sheet constructs when introduced into surgically created periodontal defects in rats. It was found that the constructs in both the test and control (empty PCL scaffold) groups were integrated into the surrounding tissues, with host cell infiltration into the constructs and no signs of an adverse reaction. The presence of the decellularized matrix on the surface of the PCL construct provided physical space for cell infiltration and established a clear zone of soft tissue which was not present in the empty scaffold where the PCL fibres were in closer proximity or even in contact with the root surface. This was similar to findings with similarly designed PDL electrospun scaffold-cell sheets constructs previously investigated by our group (Dan et al., 2014) . The decellularized constructs did not appear to negatively influence the wound healing process and demonstrated enhanced periodontal attachment formation compared to the empty scaffold. These findings support the clinical potential of the decellularized constructs, whereby the bioactivity of the retained extracellular matrix can be harnessed without the potentially negative immunogenic effects of the cellular material.
In this study, we could not detect significant amounts of new bone formation in either of the two groups either by micro-CT or histologically, contrary to the findings of a pervious study using PCLcell sheet constructs (Dan et al., 2014) . This could be attributed to the lack of osteogenic calcium phosphate coating used in the previous study, which was not utilized in this study in order to minimize the variables that could influence wound healing. However, the amount of functional attachment quantified in this study was consistent with that observed with cellularized PCL sheets (Dan et al., 2014) , suggesting that the decellularization did not negatively affect new attachment formation.
It should be noted that the current study used athymic animals which would be less responsive to immunogenic stimuli. This was performed to allow correlation with the outcomes of our previous work using PCL-cells sheet constructs, which was also carried out in athymic animals (Dan et al., 2014) . Given that the constructs do retain a small amount of residual cellular material (approximately 3% as determined in our previous study (Farag et al., 2014) ), future studies investigating the integration of allogenic materials into fully immunocompetent recipients will be required to validate the clinical translatability of this approach.
In conclusion, decellularized periodontal ligament cell sheet constructs promoted the differentiation of PDL and mesenchymal stem cells. In particular, PDL cells seeded on decellularized matrices showed upregulation in the expression of mineralized tissue markers, especially 14 days post-seeding, when compared to PCL scaffolds alone. The decellularized cell sheet constructs were shown to support periodontal attachment in a rat periodontal defect model, and hence, further investigation is warranted to explore the possible clinical utilization of this approach.
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